The future of space exploration and development will be determined by our ability to safely access and return from space. Steady improvements in the prediction of atmospheric entry phase conditions have occurred through comparisons of results obtained in the windtunnel and from computer simulation. In this study, computer simulations are presented using the direct simulation Monte Carlo (DSMC) method for hypersonic rarefied flow and compared to existing windtunnel data. Modified Newtonian and free molecular flow methods are employed to compliment the DSMC aerodynamic analysis. There is close agreement between the DSMC and windtunnel data for a blunted-cone windtunnel model. The computed aerodynamic properties are largely insensitive to modest changes in accommodation coefficients. For ballistic capsule models, there is significantly greater disagreement between the DSMC and windtunnel data. The DSMC numerical procedures are verified with results from an independent code and the windtunnel data are therefore considered suspect. 
windtunnel test data from the 1960s. Finally, conclusions based on the computational results and the existing windtunnel data are presented.
II. Modeling Approaches

A. Flow Regime and Relevance
Numerical models can be selected for gas dynamic simulation based on free-stream speed and Knudsen number. The windtunnel tests, which simulated aerobraking entry vehicles at the initial phase of atmospheric entry, involved gas flow traveling at thousands of meters-per-second with respect to the vehicle. A Newtonian model for solids immersed in a gas flow can be used to analyze these hypervelocity gases. This model can be used with a flat panel surface approximation to provide a simple numerical calculation to estimate the vehicle aerodynamic properties. Further details on this approach are described below. The Knudsen number of each windtunnel test was on the order of 10 -1 . This Knudsen number is in the upper range of the transitional flow regime, the flow regime that lies between the rarefied flow regime (Kn > 10 -1 ) and the continuum flow regime (Kn < 10 -4 ). When the local flow is in the rarefied regime or the upper range of the transitional regime, it is best modeled by a kinetic approach. When the flow is highly rarefied (Kn >> 1), it can be described accurately with free molecule or collisionless flow kinetic theory. The free molecular flow model can only provide limiting values on the vehicle aerodynamics when applied to transitional flow. In the transitional regime itself, the flow is accurately and efficiently described by the direct simulation Monte Carlo (DSMC) 5 method. Primitive modeling approaches often provide a stepping stone to the more sophisticated numerical approaches. From a conceptual design perspective, primitive approaches provide initial estimates of vehicle performance from where a second design iteration may begin using more sophisticated and expensive methods. From an analysis perspective, the less sophisticated approaches provide simple functions to help develop auxiliary functions, such as aerodynamic coefficient integration procedures, that will eventually be used with more complicated procedures. From a theoretical perspective, the less sophisticated theory often helps identify phenomena and their effects. The conceptual design process, computer program development, and theoretical analysis provide three reasons for using primitive modeling approaches.
In this paper, modified Newtonian theory and free molecular flow analysis help develop procedures to compute aerodynamic properties from DSMC analysis of the windtunnel tests. The aerodynamic post-processing procedures are developed to help analyze future modifications or additions of physical models within the DSMC approach.
B. Modified Newtonian Flow
Over three centuries ago, Isaac Newton made propositions to determine the pressure of simple shapes, such as spheres, submerged in a steady uniform stream of a "rare medium". [6] [7] [8] Incidentally, the involved mechanics provide a rough estimation of vehicle aerodynamic properties in hypersonic flow. In Newton's model, the flow is comprised of rectilinear streams of particles. The particles are assumed to lose all their normal momentum upon striking the vehicle surface and then move tangential to the surface. Application of Newtonian dynamics gives an expression for the surface pressure distribution, depending only on the local surface inclination angle relative to the free-stream. In dimensionless form, the expression is known as the Newtonian sine-squared law. A modification to the model, making it semi-empirical, incorporates the value of the maximum pressure coefficient,
where
When 180° < θ b < 360°, the surface pressure is set to the free-stream pressure, viz. C p = 0. The associated geometry is illustrated in Fig. 1 . In this figure, the vectors V particle, i , n, and V particle,r lie in the same plane. This flow model, with a good estimate of max p C , can provide an inexpensive estimate of hypersonic transitional flow aerodynamics for configurations where pressure dominates over shear stress.
C. Free Molecular Flow
When the Knudsen number exceeds 10, collisions between particles become so few that the gas can be considered collisionless. The motion of this gas is called a free molecule or a free molecular flow. Properties of rarefied gases experienced in a low Earth orbit above 150 km for a vehicle with a 1 meter characteristic length can be accurately computed by using free molecular flow analysis. 9 The properties of interest in entry vehicle analysis are those that affect the vehicle's performance. These include the pressure, shear stress and heat flux. Note, free molecular flow analysis is not to be used as an initial estimate of transitional flow aerodynamics in the conceptual design process; rather, it is valid for predicting aerodynamics of satellites at 150 km altitude and above. The reason for its inclusion in this study is to provide physical insight and program development. In a free molecular flow, the mean distance between intermolecular collisions is much greater than the characteristic size of the vehicle. The vehicle is assumed to be immersed in an infinite domain of a collisionless gas having a Maxwellian velocity distribution. Because molecules approaching the vehicle surface do not collide with reflected molecules, the freestream molecules receive no warning about the approaching vehicle and collide with its surface with the free-stream particle or molecular velocity. Furthermore, the particles reflect from the vehicle surface in a fully or partially diffuse manner with a Maxwellian velocity distribution. The degree of diffuse reflection is governed by tangential (σ t ) and normal (σ n ) momentum accommodation coefficients. Under these conditions, expressions for the surface properties can be derived. Consider a flat surface element with a local coordinate system defined by the orthonormal set of vectors (u, v, w), where u is parallel to one side of the element and the origin is at a corner, Fig. 2 . Vectors u and v lie in the same plane as the polygonal (triangular, rectangular, etc.) surface element.
It can be shown that the corresponding surface pressure and shear stress are: 
V particle,i = V particle,∞ σ n, t y u v V particle,r x||V ∞ w z 
where q ∞ is the free-stream dynamic pressure and s is the molecular speed ratio:
D. Direct Simulation Monte Carlo Method
Central to this analysis of transitional hypersonic flows is the DSMC method. It is a physically based probabilistic numerical simulation method. It is not a direct numerical solution to the classical Boltzmann equation, but uses the same underlying physics. Unlike the deterministic molecular dynamics method, it probabilistically selects collision processes for analysis. The procedures used to simulate these collision processes are based on kinetic theory. Hence, the method is limited to dilute gases with thermochemical behavior. This more than encompasses the significant physical behavior of the flow about an entry vehicle model during a windtunnel test.
This study employs the general, object-oriented, cell-based, parallelized implementation of the DSMC method called MONACO. 11 It uses the Variable Soft Sphere (VSS) collision model, 12 and variable vibrational 13 and rotational 14 energy exchange probability models. When chemical reactions are relevant, the Total Collision Energy (TCE) model 5 regulates the reactions. The code can handle structured and unstructured meshes in two or three spatial dimensions. It employs a thermal energy accommodation coefficient a c to regulate interactions between particles and a wall surface, as illustrated in Fig. 3 . This coefficient indicates the probability that a particle's translational energy will change according to diffuse reflection and that its rotational and vibrational energy will change randomly according to the wall temperature; otherwise, specular reflection is assumed and the internal energies are unchanged. When the mean translational energy of gas molecules relative to the surface is several electron volts, the assumption of full thermal accommodation is not generally valid. 5 An example of this condition is the Apollo 6, 110 km entry-trajectory point, 15 where the mean molecular translational energy is about 14 eV. In this study, the mean translational energy of the gas is on the order of 1 eV, and for a set of simulations, a c is reduced slightly from unity in order to examine the corresponding sensitivity of the vehicle aerodynamics.
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Figure 3. Surface Element used in MONACO E. Post Processing
All of the above approaches are used to compute aerodynamic coefficients of selected windtunnel test models. They employ the same overall procedure. For example, for the aerodynamic force coefficients: (1) compute forces due to pressure and shear stress at a wall element, (2) resolve them along a desired direction, (3) sum over all elements representing the vehicle surface to determine lift, drag, normal force or axial force, and (4) nondimensionalize. The same steps are involved to resolve the vehicle pitching moment, except with a cross product relative to a specified reference point taken at each element between steps (1) and (2).
III. Windtunnel Simulation Descriptions
A. Flow Conditions and Vehicle Models
Flow conditions and geometry for the blunted-cone windtunnel test 1 are shown in Table 1 and Fig. 4 , respectively. The pitching moment for the 9° blunted-cone is taken with respect to point O. More details of the cone's geometry are found in Ref. 1 . The corresponding information for the Apollo Command Module (ACM) windtunnel test 3, 4 is shown in Table 2 and Fig. 5 . Figure 5 shows the location of the center-of-gravity with respect to the windward heat-shield apex and defines the angle-of-attack with respect to the leeward vehicle axis of symmetry. The pitching moment for the ACM is taken relative to the center-of-gravity. Further details of the ACM geometry are found in Ref. 4 . Figure 6 shows the geometry. Further details of the GCM geometry are found in Refs. 1 and 16.
B. Computational Meshes
Three-dimensional computational domain boundaries are generated for the blunted-cone and the ACM. The computational domain boundary surfaces are generated with ProE. 17 They are then exported to HyperMesh, 18 where the interior unstructured tetrahedral mesh is created. 
C. Simulation Numerical Parameters
Each of the gas flow models described above is applied to compute aerodynamic coefficients for the bluntedcone and the ACM windtunnel models, under the windtunnel test conditions. For the modified Newtonian and free molecular flow calculations, only the vehicle surface grid is necessary. The surface grids are extracted from the three-dimensional grids employed in the DSMC calculations. The blunted-cone and ACM surface grids have 1,915 and 8,957 cells, respectively. The larger number of cells for the ACM surface grid reflects the larger compression region ahead of the vehicle that requires smaller cells in that region of the three-dimensional DSMC calculations. These surface computations are performed on a single 3 GHz class Intel processor. For each entry vehicle, the computations take less than 30 seconds to produce lift, drag and moment coefficients for seven angles-of-attack. The free molecular flow calculations assume diffuse reflection of particles from the vehicle surface (σ n = σ t = 1).
For the DSMC calculations, each angle-of-attack result requires a separate simulation. Furthermore, for the blunted-cone, two simulations are made at each angle-of-attack corresponding to different gas-surface thermal energy accommodation coefficients. These simulations employ three-dimensional unstructured grids with tetrahedral cells. A total of 8 blunted-cone and 5 ACM simulations are made. Each blunted-cone grid has roughly 560,000 cells and each ACM grid has about 740,000 cells. Again, the larger number of cells for the ACM reflects the larger compression region ahead of the vehicle due to the greater degree of bluntness of the ACM. The free-stream regions are sufficiently large to capture the diffuse shockwave structure within the vicinity of the entry vehicles. The peak flow temperature is not sufficiently large to activate chemical reaction procedures. Table 3 summarizes the numerical parameters of these simulations. 
IV. Windtunnel Simulation Results
A. Validation of Aerodynamic Force Integration
In order to validate the integration procedures used to compute the vehicle aerodynamic coefficients in threedimensional flow, the free molecular flow analysis is employed. It provides pressure and shear stress expressions for flat panel surface representations, equations (3) through (5), and it is amenable to exact integral equations 10 for the aerodynamic coefficients of simple shapes. For the blunted-cone, the aerodynamic coefficients are found from:
where 
The results of equations (3) and 80° because that is where the exposed 9° half angle blunted-cone begins exhibiting negative lift. The L/D increases between 110° and 170° because that is where the cone base becomes exposed to the free-stream and produces increasing lift. The sinusoidal behavior of the pitching moment variation can be attributed to the approximate flat plate shape of the slender blunted-cone. The plateau regions of the C MO curve occur when the cone base becomes exposed to the free-stream; and thus, are due to counteracting moment components from the cone base.
B. Blunted-cone Simulations
The DSMC method is suitable for computing pressure and shear stress distributions over the vehicle surface for the transitional to rarefied flow conditions of the windtunnel tests described above. These distributions are integrated, with the same procedures used to integrate the free molecular flow pressure and shear stress distributions, to obtain the overall vehicle aerodynamic coefficients. Figures 10 (a) and (b) illustrate the general character of the flow field for the blunted-cone. The free-stream region is sufficiently large to capture the diffuse shock near the vehicle and the peak flow temperature is not sufficient to justify activation of nitrogen dissociation procedures. The aerodynamic results of the DSMC simulations for the blunted-cone, with two values of accommodation coefficient, are compared with the simpler flow models and the available windtunnel data. Figure 11 (a) compares the drag coefficient from the computations and the windtunnel tests at various angles-of-attack. In these figures, the DSMC calculations generally yield lift and drag coefficients that lie somewhere between the values given by the modified Newtonian and free molecular flow results. A major reason the modified Newtonian model predicts lower drag is that it neglects shear stress. The free molecular flow model predicts higher drag because it neglects intermolecular collisions. The modified Newtonian analysis for the blunted-cone employed max p C = 1.83, from Ref.
1. The variation of C D with α given by the DSMC method agrees well with that of the windtunnel data. The DSMC and windtunnel data are 6.9, 8.7, 7.8 and 7.7% different for 0, 10, 20 and 25°, angle-of-attack, respectively. At 0° angle-of-attack, a reduction in the thermal accommodation coefficient by 15% reduces the drag coefficient by 6%, from 0.82 to 0.77. Figure 11 (a) shows that the effect is uniform for all the angles-of-attack considered. This moves the DSMC results slightly further from the windtunnel drag data because of reduced backscatter. Figure 11 (b) illustrates the comparisons for the lift coefficient. The DSMC lift trend also agrees well with the windtunnel data.
The difference between the DSMC and windtunnel data is about 10% at 10, 20 and 25° angle-of-attack. The reduction in thermal accommodation coefficient does not significantly affect the lift coefficient. Figure 12 (a) illustrates the comparisons for the lift-to-drag ratio. Again, the reduction in thermal accommodation coefficient does not incur any significant effect. There is no significant difference between the DSMC and windtunnel data. Figure 12 (b) illustrates the comparisons for the pitching moment. Once again, the DSMC results lie between the simpler model results, the reduction in thermal accommodation coefficient does not incur any significant effect, and the DSMC and windtunnel data demonstrate good agreement. Percentage differences between the DSMC and windtunnel pitching moment are 11, 5, and 2% for α = 10, 20 and 25° , respectively. provided by Dr. James Moss, 19 is also plotted. They provide confidence in the correctness of the MONACO procedures. The DSMC and windtunnel data do not agree well. At 180°, the DSMC and windtunnel drag coefficients are 12.6% different, almost twice the percentage difference than for the blunted-cone. The windtunnel drag decreases more rapidly with angle-of-attack than the DSMC drag. The windtunnel lift is substantially greater than any computational model. The windtunnel C D , C L and L/D were extracted from separate plots from Ref. 3 . Taking the ratio of the DSMC lift and drag coefficients cancels out most of the disagreement between the DSMC results and the windtunnel data. This demonstrates a reason to plot the lift and drag coefficients separately when comparing aerodynamic simulation results with existing data. There is closer agreement between the DSMC and windtunnel pitching moment data than either the drag or lift. However, the agreement is still worse than for the blunted-cone. 
D. Apollo and Gemini Axisymmetric Simulations
When the axisymmetric windtunnel models are at a 180° angle-of-attack, the axisymmetry allows one to simulate the flow with a two-dimensional grid that contains the vehicle profile. In general, for axisymmetric vehicles, these simulations are an inexpensive way of determining the general character of the flow-field, including required domain size and chemical activity, from where three-dimensional simulations may begin. They are also an inexpensive way of performing parametric analysis. In this study axisymmetric simulations are performed to determine whether the windtunnel data was possibly reported inaccurately by examining the sensitivity of the computed drag coefficient to changes in the reported conditions. This is performed by running simulations with the free-stream Mach number varied by ±20% and with the reservoir temperature varied by ±20%. The corresponding free-stream temperature is computed from the Mach number and reservoir temperature, assuming isentropic flow. Then the free-stream speed of sound and bulk flow speed are determined. Table 4 provides the corresponding results. A 20% change in the free-stream Mach number corresponds to a roughly 30% or 40% change in the magnitude of the free-stream number density, but results in a less than 2% change in drag coefficient. The same variation in reservoir temperature gives smaller changes in free-stream conditions and insignificant changes in drag coefficient. Therefore, the reported conditions were reported accurately enough and the disagreement between the computer simulations and the windtunnel data for the drag coefficient must be due to some other problem. Possible explanations include flow non-uniformity, nozzle boundary layer effects and nonequilibrium free-stream conditions. Axisymmetric simulations are made for the Apollo and Gemini entry vehicles to help determine whether the difference between the DSMC and windtunnel data is due to possible windtunnel wall boundary layer interaction with the larger diffuse shockwave structure incurred by the ballistic capsule shapes. If the Gemini windtunnel data agrees with DSMC data, then the Apollo simulation problem may be an isolated case. Figure 15 displays selected contour plots from the Apollo and Gemini axisymmetric simulations. These plots show that the upstream region contains sufficient free-stream to capture the diffuse shock structure near the vehicle, and that the peak translational temperature is not large enough to incur nitrogen dissociation. Table 5 provides comparisons of the windtunnel and axisymmetric simulation drag coefficients. A result from another DSMC code called DS2V, computed by Dr. Moss, is also listed, and again gives confidence in the MONACO procedures. For the ACM, the axisymmetric simulation value for C D is 1.2% larger than the threedimensional simulation value because of differences in grid cell types and cell distributions of the two and three dimensional meshes. Nevertheless, both results are about 12% smaller than the windtunnel result, shown in Fig. 14 (a) and listed in Table 5 . The smaller diameter Gemini model is associated with a smaller disagreement in the drag coefficient, Table 5 . The ballistic capsule shapes have larger disagreement between the DSMC and windtunnel data than the slender blunted-cone shape. The blunter shapes have larger diffuse shock structures that are more susceptible to interference with a growing windtunnel boundary layer. Thus, the windtunnel data for the blunter shapes may be inaccurate because of disregarded wall effects. Unfortunately, available references [20] [21] [22] do not provide sufficient details of the windtunnel geometry in order to adequately simulate the windtunnel test to accurately capture the growing wall boundary layer from the nozzle and determine the boundary layer effects on the windtunnel model aerodynamics.
V. Conclusion
Aerodynamic properties, drag, lift, pitching moment, and lift-to-drag ratio, of entry vehicle windtunnel test models within a hypersonic, near-rarefied nitrogen gas environment were analyzed using three-dimensional DSMC computations. Modified Newtonian and free molecular flow models were used to develop procedures to compute the aerodynamic properties from the DSMC analysis. For the blunted-cone windtunnel model, DSMC and windtunnel aerodynamic data agreed well, and a 15% reduction in gas-surface thermal energy accommodation did not significantly affect the DSMC results. For the Apollo windtunnel test, DSMC and windtunnel data did not agree well. The drag from DSMC was roughly 13% less than that from the windtunnel test. A second set of DSMC results, generated by a different code, DS2\3V, provided confidence in the MONACO procedures. Consequently, the possibility of erroneous Apollo windtunnel test results was examined. A sensitivity study demonstrated that the drag coefficient experienced insignificant changes when the reported Mach number or reservoir temperature was perturbed by ±20%. Therefore, the Mach number and reservoir temperature were considered to be reported accurately enough. Then, a Gemini windtunnel test simulation was performed to determine whether the problem was related to the blunt shape of the vehicle. The ballistic capsule shapes have larger disagreement between the DSMC and windtunnel data than the slender blunted-cone shape. The blunter shapes have larger diffuse shock structures that are more susceptible to interference with a growing windtunnel boundary layer. Unfortunately, available references [20] [21] [22] do not provide sufficient details of the windtunnel geometry in order to adequately simulate the windtunnel test to accurately capture the growing wall boundary layer from the nozzle and determine the boundary layer effects on the windtunnel model aerodynamics. From this study, it is recommended that more rarefied hypersonic windtunnel tests be conducted to broaden the existing literature, and that corresponding documentation be sufficiently detailed to enable comprehensive numerical simulation of the windtunnel tests.
